Abstract Among the chemicals causing taste and odour (T&O) in drinking water, the most commonly identified and problematic ones are geosmin and 2-MIB (2-methylisoborneol). Since the reported odour thresholds of geosmin and 2-MIB are as low as 4 and 8.5 ng/L, respectively, they are not readily removed by conventional water treatment processes. In this study, ozone (O 3 ) and ferrate (Fe(VI)) were applied to oxidise geosmin and 2-MIB. Their performances were compared in terms of removal efficiency of geosmin and 2-MIB. In the case of O 3 , removal efficiency of geosmin and 2-MIB ozonation at different initial O 3 doses, H 2 O 2 /O 3 ratios and water temperatures were evaluated. The oxidation rates of geosmin and 2-MIB by Fe(VI) were measured within pH 6-8. The effect of H 2 O 2 addition was also evaluated. In summary, O 3 , especially with H 2 O 2 , could almost completely oxidise geosmin and 2-MIB, while Fe(VI) could not oxidise them more than 25% at any pH that was considered in this study. This was attributed to the structure of the organics and high reaction selectivity of Fe(VI). Further study should be conducted to find the reason of inhibition of oxidation by Fe(VI).
Introduction
The potability of water is determined by various parameters including pathogen contents, organic and inorganic pollutants and aesthetic parameters such as colour, hardness, turbidity and taste. Among them, the aesthetic parameters, in particular taste and odour (T&O), are receiving more attention from water utilities since they are the most frequent cause of customer complaints. Among the chemicals causing T&O in drinking water, the most commonly identified and problematic ones are geosmin and 2-MIB, which are produced by blue-green algae (cyanobacteria) and actinomycetes. Therefore, the level of these compounds is elevated when the organisms proliferate in water reservoir. The odours of the chemicals are characterised as earthy and musty, respectively. Since the reported odour thresholds of geosmin and 2-MIB are as low as 4 and 8.5 ng/L, respectively (Pirbazari et al., 1993) , they cannot be easily detected by conventional laboratory techniques.
In order to supply aesthetically pleasing water to customers, these compounds should be removed. However, the conventional treatment process is not effective in removing these compounds. Therefore, more advanced treatment processes have been suggested to manage these compounds.
The advanced oxidation process (AOP) is the process to utilise strong oxidants, such as hydrogen peroxide (H 2 O 2 ) and ozone (O 3 ), to decompose recalcitrant chemicals and has been applied to oxidise various pollutants in drinking water (e.g. MTBE (Mitani et al., 2002) phenolic and indolic compounds (Wu and Masten, 2002) . O 3 also has been applied to oxidation of geosmin and 2-MIB in water (Atasi et al., 1999; Ho et al., 2002; 2004) .
Previous studies showed ozonation could not completely oxidise these chemicals in water, if used alone. This is partly because these compounds are saturated cycled tertiary alcohols which are resistant to oxidation (Ho et al., 2002) . Therefore, H 2 O 2 has been applied with O 3 (i.e. O 3 /H 2 O 2 oxidation process) to improve the geosmin and 2-MIB oxidation (Atasi et al., 1999) . O 3 , if used with H 2 O 2 in water, generates OH· with high reactivity and non-selectivity toward organic compounds (Ho et al., 2002) .
Ferrate (Fe(VI)) has recently been drawing more attention from researchers with its strong oxidising power in the entire pH range. Under acidic conditions, the redox potential of ferrate ion is higher than that of any other oxidants that are commonly used in treatment processes such as Cl 2 , O 3 , H 2 O 2 and KMnO 4 . Due to its strong oxidising nature, Fe(VI) has been applied to degrading various organic/inorganic compounds, including hydrogen sulphide, thiourea, thioacetamide, cyanide and thiocyanate (Sharma, 2004) , phenol and chlorophenols (Graham et al., 2004) .
In this study, O 3 and Fe(VI) were separately applied to oxidise geosmin and 2-MIB. Their performances were compared in terms of removal efficiency of geosmin and 2-MIB. In the case of oxidation, effect of H 2 O 2 addition was also evaluated. The oxidation rates of geosmin and 2-MIB by Fe(VI) were measured within pH 6-8. To the best of our knowledge, this is the first paper dealing with 2-MIB and geosmin oxidation by Fe(VI).
Materials and methods

Reagent
The stock solution of geosmin and 2-MIB were prepared by dissolving each of 20 mg crystals (Wako, Japan) in methanol (J.T.Baker, USA). The stock solutions were further diluted with Milli-Q water, as necessary. H 2 O 2 solution of a desired concentration was prepared by diluting 35% stock solution (Junsei, Japan) with the Milli-Q water. Potassium ferrate (K 2 FeO 4 ) was prepared by modifying the method proposed by Thompson et al. (1951) . Fe(VI) solution for the experiments was prepared by adding appropriate amounts of K 2 FeO 4 to 0.005 M Na 2 HPO 4 /0.001 M borate water buffered at pH 9 since Fe(VI) solution is known to be the most stable at pH 9 (Bielski and Thomas, 1987) . The characteristics of water used in this oxidation study are as follows; pH of 7.05 -7.10, the alkalinity of less than 40 mg/L as CaCO 3 , and TOC of 1.0 -1.1 mg/L.
Experimental procedure
Oxidation by ozone. The pilot scaled ozonation system was built in the Guwi Water Treatment Plant (WTP) located in Seoul, Korea. The system can treat 28 L/min water in a main reactor (O 3 reactor) with a volume of 840 L (hydraulic retention time ¼ 30 min). Geosmin and 2-MIB were constantly spiked in sand-filtered water before ozonation. O 3 was produced using an O 3 generator (Triogen, Ozonia, Swiss) fed with pure and dry oxygen. O 3 was then injected in-line to the main reactor. Since the mass transfer efficiency of O 3 reached approximately 95%, in-line supplied O 3 was completely dissolved into water within several seconds. Different H 2 O 2 doses (H 2 O 2 /O 3 ¼ 0, 0.15 and 0.3 mg/mg) were injected into the water immediately after O 3 injection in order to evaluate the effect of H 2 O 2 on ozonation of geosmin and 2-MIB. Residual O 3 concentration in the reactor was continuously monitored with an on-line O 3 analyser (W1 Ozone Monitor, USA) and UV/VIS spectrophotometer (SPEKOL 1200, Analytik Jena, Germany) at 260 nm wavelength. By performing ozonation experiments both in summer and in winter, effects of water temperature on the oxidation of the compounds were evaluated.
Oxidation by ferrate. Geosmin and 2-MIB oxidation by Fe(VI) was performed in a 250 mL glass bottle. Each bottle was agitated with a magnetic stirrer for 30 min immediately after T&O compounds and Fe(VI) were added simultaneously. Oxidation experiments were conducted at the three different pHs (i.e. pH 6, 7 and 8). H 2 O 2 was injected at different H 2 O 2 /FeO 22 4 ratios (i.e., 0, 0.2, 0.4 and 0.6) in order to investigate the effect of H 2 O 2 on the oxidation by Fe(VI). All experiments were conducted at 20^1 8C. Rate constant for Fe(VI) decomposition was studied using a UV/VIS spectrophotometer (at 510 nm) with a flow cell attached. Once an aqueous sample was taken for geosmin and 2-MIB analysis after an oxidation study, it was quenched with sodium thiosulphate (1.25 £ 10 24 M) to remove the residual oxidant.
Analytical methods for geosmin and 2-MIB
Geosmin and 2-MIB were analysed using head-space solid-phase microextraction (HS-SPME) coupled to a GC/MS system as suggested by Watson et al. (2000) . The SPME fibre coating used for extracting the T&O-causing compounds was Divinylbenzene/ Carboxane Polydimethylsiloxane (DVB/CAR/PDMS). Once a 10 mL water sample was collected, it was transferred to a 22 mL vial containing 3 g NaCl. Then, the vial was clamped air tight, and was placed in a water bath, where its temperature was elevated to and maintained at 75 8C. A SPME fibre was injected into the headspace of the vial and exposed for 30 min to extract the chemicals from the headspace. After extraction, the fibre was injected into the GC/MS system for quantification.
Results and discussion
Decomposition of ozone (Rush and Bielski, 1986) (Figure 2 ). Figure 3 shows the decomposition of FeO ratios. In general, the decomposition rate of Fe(VI) strongly depended on the initial Fe(VI) concentration, pH and temperature of solution (Jiang and Lloyd, 2002) . Within our system for kinetic study, the Fe(VI) decomposition at , pH 6 was too fast to quantify. It was attributed to unstability of Fe(VI) at lower pH. Fe(VI) decomposition rate increased from 0.5 £ 10 23 to ; Rush et al., 1996) . At pH 6, reaction rate could not be measured since Fe(VI) decomposition was instantaneous.
Oxidation of geosmin and 2-MIB by ozone
Since the concentrations of geosmin and 2-MIB in water are at several ng/L, geosmin and 2-MIB ozonation was assumed to follow the pseudo first-order rate reaction in this study. Apparent rate constants and removal efficiencies for geosmin and 2-MIB ozonation according to initial O 3 doses, H 2 O 2 /O 3 ratios and water temperatures are presented in Table 1 and 2. The rate constant for geosmin ozonation in all experiments carried out in this study was slightly higher than that for 2-MIB. The slower rate of 2-MIB ozonation was attributed to greater steric hindrance from the compounds' structure (Ho et al., 2004) .
Nonetheless, O 3 , if applied with H 2 O 2 to the sand-filtered water spiked with geosmin and 2-MIB, rapidly oxidised both of them in a few minutes. As H 2 O 2 /O 3 ratio increased from 0 to 0.3, the rate constants for geosmin and 2-MIB ozonation increased 1.4-1.9 times higher than those without H 2 O 2 addition, respectively. At the same time, O 3 also decomposed at higher rates; 2.8 -5.4 times higher decomposition rate at higher H 2 O 2 /O 3 ratios. Thus, if water temperature is high, the residual O 3 concentration can be rapidly lowered with H 2 O 2 addition. As the water temperature was lowered from 25 to 3 8C, the rate constants for geosmin and 2-MIB ozonation decreased 28 -56% and 40-64%, respectively, depending on H 2 O 2 /O 3 ratios. At higher H 2 O 2 /O 3 ratios, however, geosmin and 2-MIB ozonation rates were not much affected. Tables 1 and 2 show the differences in ID values at different temperatures of treated water were not significant (without H 2 O 2 addition). In general, ID is largely dependant on the amount of organic materials (Park et al., 2001) . However, the effect of water temperature on the ID was not noticeable. Therefore, in ID phase, degrees of geosmin and 2-MIB oxidation were not significant at the two different water temperatures; for example, 65 and 74% of geosmin was oxidised at 3 8C and 25 8C, respectively.
Efficiency of geosmin oxidation by O 3 was slightly higher than that of 2-MIB oxidation in all the experiments carried out in this study. At a higher dose of O 3 , improved oxidation efficiency could be observed; as the O 3 dose increased from 1 to 2 mg/L removal efficiencies for geosmin and for 2-MIB increased from approximately 83 to 86% and from 78 to 82%, respectively (Table 1) . Nonetheless, O 3 alone, even at 2 mg/L, could not completely oxidise either geosmin or 2-MIB, especially at lower temperatures. When H 2 O 2 was applied with O 3 , however, higher geosmin and 2-MIB removal efficiencies could be achieved. The effect of H 2 O 2 addition on the geosmin and 2-MIB ozonation is more apparent at lower temperature. In short, water temperature, the initial O 3 dose, as well as H 2 O 2 /O 3 ratios are all affecting geosmin and 2-MIB ozonation.
Oxidation of geosmin and 2-MIB by ferrate
Fe(VI) was applied to oxidise geosmin and 2-MIB in water; the initial concentration of geosmin and 2-MIB were 100-115 ng/L. In general, the result was not promising. At pH 7 and 25 8C only around 25% of the compounds was oxidised in 30 min with 20 mg/L FeO 22 4 added (Figure 4) . Extended reaction time did not improve the removal efficiency (data not shown). The low oxidation efficiency of the compounds is probably due to the high oxidation selectivity of ferrate and due to the structure of geosmin and 2-MIB; they consist of tertiary alcohols (Ohta et al., 2001) . In fact, geosmin and 2-MIB are also known for their difficulty to be oxidised with O 3 only (k O3 , 10 M 21 s
21
), which is also known for its high oxidation selectivity. However, these compounds are very highly subjective to the oxidation by OH·; for example, k OH ¼ 8.2 £ 10 9 M 21 s 21 for geosmin and 3 £ 10 9 M 21 s 21 for 2-MIB (von Gunten, 2003) . Generally, the geosmin and 2-MIB are primarily oxidised by OH· rather than by ozone (Ho et al., 2004) , which has high reactivity and non-selectivity toward organics, when H 2 O 2 and O 3 are applied together. At pH 6, oxidation of geosmin and 2-MIB by Fe(VI) was increased approximately 10% compared to the one at pH 8, indicating strong oxidation power of Fe(VI) at lower pHs ( Figure 5) . Figure 6 ). These results indicated that effectiveness of combination H 2 O 2 with Fe(VI) in the geosmin and 2-MIB oxidation was not very significant.
Removal efficiency of geosmin and 2-MIB by Fe(VI) in raw water was lower than that in organic free water. It was attributed to DOC contents of the water, which would also consume the oxidant (i.e. Fe(VI)). Even H 2 O 2 addition did not significantly improve geosmin and 2-MIB oxidation by Fe(VI) in the raw water (data not shown). 
Conclusions
In this study, O 3 and Fe(VI) were applied to oxidise geosmin and 2-MIB. In the case of ozonation, O 3 was applied at different operating conditions (i.e. at different initial O 3 doses, H 2 O 2 /O 3 ratios and temperatures). In general, 2-MIB was found to be more resistant to ozonation than geosmin as observed by other researchers. The efficiency of geosmin and 2-MIB ozonation was dependant on the initial O 3 dose, the amount of H 2 O 2 present in the system and reaction time. The rate constants for geosmin and 2-MIB ozonation were significantly increased when H 2 O 2 was applied along with O 3 , compared to the case where O 3 was solely applied. Water temperature also affected the performance of the system in removing the compounds. Temperature of the water being treated had a significant effect on the decomposition of O 3 and consequently the oxidation of geosmin and 2-MIB, if the ID is not considered. However, if the ID is included in the calculation of removal efficiency, the overall effect of temperature on the oxidation of geosmin and 2-MIB was negligible.
Fe(VI) was also applied to oxidise geosmin and 2-MIB. The effects of pH, water temperature and initial Fe(VI) dose on the oxidation of the compounds were evaluated. In general, the oxidation efficiency was not high. Only at pH 7 and temperature of 25 8C, approximately 25% removal efficiency was obtained with the addition of Fe(VI) as much as 20 mg/L FeO422. The low geosmin and 2-MIB oxidation efficiency was attributed to the Fe(VI)'s reaction selectivity with organics and the structure of the compounds.
This study is the first attempt to oxidise geosmin and 2-MIB by Fe(VI). Although the preliminary result is not promising, one aspect deserves to be mentioned. At pH , 6, the oxidation power of Fe(VI) should be comparable or stronger than O 3 . However, Fe(VI) did not oxidise much of the T&O causing compounds. Although the structure of the compounds and selective reactive nature of the Fe(VI) were believed to be the reason, they were not confirmed and warrant further research.
